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Acute respiratory distress syndrome is characterized
by loss of lung tissue as a result of inflammation and
fibrosis. Augmenting tissue repair by the use of mes-
enchymal stem cells may be an important advance in
treating this condition. We evaluated the role of term
human umbilical cord cells derived from Wharton’s
jelly with a phenotype consistent with mesenchymal
stem cells (uMSCs) in the treatment of a bleomycin-
induced mouse model of lung injury. uMSCs were
administered systemically, and lungs were harvested
at 7, 14, and 28 days post-bleomycin. Injected uMSCs
were located in the lung 2 weeks later only in areas of
inflammation and fibrosis but not in healthy lung
tissue. The administration of uMSCs reduced inflam-
mation and inhibited the expression of transforming
growth factor-f, interferon-y, and the proinflamma-
tory cytokines macrophage migratory inhibitory fac-
tor and tumor necrosis factor-a. Collagen concentra-
tion in the lung was significantly reduced by uMSC
treatment, which may have been a consequence of
the simultaneous reduction in Smad2 phosphoryla-
tion (transforming growth factor-B activity). uMSCs
also increased matrix metalloproteinase-2 levels and
reduced their endogenous inhibitors, tissue inhibitors
of matrix metalloproteinases, favoring a pro-degrada-
tive milieu following collagen deposition. Notably, in-
jected human lung fibroblasts did not influence either
collagen or matrix metalloproteinase levels in the lung.
The results of this study suggest that uMSCs have antifi-
brotic properties and may augment lung repair if used

to treat acute respiratory distress syndrome. (4m J
Pathol 2009, 175:303-313; DOI: 10.2353/ajpath.2009.080629)

An enduring problem in respiratory and critical medicine
is the treatment of acute respiratory distress syndrome
(ARDS)/acute lung injury, a condition that is character-
ized by refractory hypoxemia in patients with bilateral
lung infiltrates in the absence of pulmonary edema.’ A
National Institutes of Health study estimated the inci-
dence of acute respiratory distress syndrome/acute lung
injury to be 75 per 100,000 population in the United
States with 40 to 60% mortality.> ARDS may be the end
result of several conditions that directly injure the lung
such as pneumonia, pulmonary contusion, inhalational
injury, and near drowning.® Generic injury to the lung
results in damage to the epithelial and endothelial cells
and a compromised alveolar-capillary barrier. There is
exudation of fluid into the alveolar space followed by
inflammatory cells, a process driven by cytokines such as
interleukin (IL)-8, tumor necrosis factor (TNF)-a and IL-1.
The progression of acute lung injury to fibrosis portends
a poor prognosis and may be observed as early as 5 to
7 days after injury.* Many strategies have been directed
at augmenting repair of ARDS. These include improved
ventilation techniques, surfactant therapy, vasodilators,
and anti-inflammatory agents.” Notably, there has been
an increasing focus on the acceleration of resolution by
epithelial restitution and the consequent reduction in fi-
brosis of ARDS.

To this end, new stem cell therapies have raised the
possibility of improving lung repair. Mesenchymal stem
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cells (MSCs)® are multipotent and differentiate into a
range of cell types and are being tested for their regen-
erative potential, particularly in myocardial infarction and
some neurodegenerative disorders.® MSCs are adherent
cells and a common MSC immuno-phenotype can be
identified in cells from many sources including bone mar-
row, umbilical cord blood, and adult organs.”

The role of MSCs in the treatment of lung injury has
been the subject of several studies. Indeed, MSCs have
displayed the potential to improve lung function in pul-
monary disease through several mechanisms. Murine
bone marrow MSCs (bmMSCs) have been shown to se-
lectively home to sites of injury through the chemokine
receptor CXCR4 and chemokine, Stromal derived factor
as well as Flk surface receptors®® and improved respi-
ratory capacity in bleomycin, lipopolysaccharide, and
monocrotaline-induced models of lung injury.'®='2 Fur-
thermore, both in vivo and in vitro studies have shown that
murine and human bmMSCs and human umbilical cord
blood cells may differentiate into cells with markers of
lung epithelium.'®' Aguilar et al supported the safety
profile of human MSCs by demonstrating that murine
bmMSCs but not human bmMSCs differentiated into os-
teosarcomas when injected into the lung.®

Based on these studies, we hypothesized that MSCs
derived from the Wharton’s jelly of the umbilical cord
(UMSCs) would repair lung injury and prevent fibrosis.
The umbilical cord is derived from the extraembryonic
mesoderm and develops from the proximal epiblast dur-
ing the formation of the embryonic primitive streak.'® The
umbilical cord contains two arteries and a vein that are
surrounded by a matrix rich in hyaluronic acid known as
Wharton'’s jelly (WJ). Recently, groups have cultured
MSCs from the WJ of the umbilical cord and differentiated
them in vitro into several tissue types.'”'® These cells
have the advantage of ready availability, do not require
invasive bone marrow biopsies, and are more plentiful
than umbilical cord blood-derived MSCs. In the present
study, we examined the therapeutic potential of uMSCs in
a bleomycin-induced model of lung injury that shares
many features in common with the phenotype of ARDS in
human subjects.

Materials and Methods

The Human and Animal Research Ethics Committees of
the Alfred Hospital and Monash University, Melbourne,
Australia approved the study.

Isolation and Culture of uMSCs

Human uMSCs were isolated from the Wharton’s jelly of
the umbilical cord by methods previously described.'®
Umbilical cords were obtained with consent from women
undergoing normal vaginal delivery at term (n = 12). The
cords were dissected and the blood vessels removed.
The remaining WJ was cut into small pieces (1-2 cm?)
and placed in six-well plates (12 cm) in the presence of
Dulbecco’s modified Eagle’s medium supplemented with
20% fetal calf serum (Invitrogen, Sydney, Australia) and
antibiotics (penicillin, 100 uwg/ml; streptomycin, 10 ug/ml;

Table 1. Positive and Negative Markers on the Surface of
uMSCs

Marker Positive
CD45 Absent
CD34 Absent
CD31 Absent
CD73 Present
CD105 Present
CD14 Absent
HLA AB,C Present
HLA DR Absent
CD28 Absent
CD80 Absent
CD66 Absent
CD90 Present
CD166 Present
CD86 Absent

and amphotericin, 250 wg/ml) (Invitrogen). After 5 days in
culture, adherent cells were observed proliferating from
individual explanted tissue of the WJ. At this time, the WJ
was removed from culture and the adherent cells were
cultured to confluence. The cells were then trypsinized
(0.25% trypsin:EDTA solution; Invitrogen), washed in
phosphate-buffered saline and sorted for a homogenous
CD73"CD31-CD34~CD45~ phenotype by fluorescent
activated cell sorting (FACS F1000, Becton Dickinson).
The CD73"CD31 CD34 CD45 cells were expanded in
cell culture and then further characterized by flow cytometry
studies (Table 1). Primary antibodies were purchased from
Santa Cruz Biotechnology and secondary antisera from
Becton Dickinson (North Ryde, Australia). Hematopoeitic
cells were used as positive controls. The expanded popu-
lations of CD73"CD31-CD34 CD45™ cells that demon-
strated all of the markers of MSCs (Table 1) were then
subjected to in vitro differentiation into osteoblastic or
lung epithelial phenotypes'” and injection into the bleo-
mycin-induced model of lung injury.

In Vitro Differentiation Assays

At passage 3 to 6, uMSCs were placed on 13-mm culture
dishes (Sigma-Aldrich, St. Louis, MO) and propagated to
80% confluence in Dulbecco’s modified Eagle’s medium
and 20% fetal calf serum. The medium was then changed
to the osteogenic stem cell kit containing Mesencult MSC
basal media and osteogenic supplements B-glycerol sul-
fate, ascorbic acid, and dexamethasone (Stem Cell Technol-
ogies, Vancouver, Canada). The medium was changed
every 2 days and cultures observed for bone nodule
formation. The cells were then fixed in Karnovsky fixative
and subjected to Von Kossa staining.”

For differentiation into lung epithelial cells, uMSCs (10°
per well) were seeded onto type IV collagen (Roche
Diagnostics, Indianapolis, IN) coated six-well plates and
cultured in small airway growth medium (SAGM) (Clonet-
ics, Baltimore, MD). Control cultures were grown in Dul-
becco’s modified Eagle’s medium (Invitrogen) with 10%
fetal calf serum. Cultures were maintained for 4 weeks.
Following culture in SAGM, uMSCs (2.5 X 10°) were
incubated with antibodies against caveolin (1:100), aqua-



porin-5 (1:100), and surfactant protein-C (1:50), markers
of alveolar epithelium, for 1 hour at room temperature.
After several washes, cells were incubated with donkey
anti-goat (aquaporin-5, surfactant protein-C) secondary
antibodies for 30 minutes at room temperature. Cells
were washed to remove excess secondary antibodies
and analyzed by flow cytometry. Primary antibodies were
purchased from Santa Cruz Biotechnology and second-
ary antisera from Becton Dickinson.

Injection of uMSCs into SCID Mice

There were five treatment groups of mice. Group 1 received
saline intranasally and saline via the tail vein (tv), group
2 received saline (intranasally) and uMSCs (tv), group 3
received bleomycin (intranasally) and saline (tv), group 4
received bleomycin (intranasally) and uMSCs (tv), and
group 5 received bleomycin (intranasally) and fibroblasts
(tv). Each group had n = 8 mice and were analyzed at 7,
14, and 28 days post-bleomycin injection making a total
of 40 X 3 = 120 mice. Bleomycin sulfate (0.15 mg) in
saline (Calbiochem, San Diego, CA) was administered
intranasally under weak ether anesthesia to induce pul-
monary fibrosis in 8-week-old SCID mice.'® Twenty-four
hours after bleomycin or saline instillation, mice were
injected intravenously with uMSCs (1 X 10° in 0.2 ml of
saline), saline (0.2 ml), or lung fibroblasts (1 X 10° in
0.2 ml of saline) via the tail vein. The injection within 24
hours of bleomycin injection was chosen to optimize
cell incorporation into the lung during early inflamma-
tion. In preliminary experiments, 1 X 10° was the max-
imum number of cells that could be injected into the
bleomycin-treated mice without significantly affecting
mortality. There was no mortality associated with bleo-
mycin administration or tail vein injection of uMSCs.
The uMSCs were used at early passage 3 to 6 and
comprised the CD73*CD31-CD34 CD45~ expanded
populations that were fluorescence-activated cell sorted
as previously described. The human lung fibroblast cells
were obtained from lung resections and a generous gift
obtained from Prof. Philip Bardin, Monash Medical Cen-
tre, Melbourne. Human lung fibroblasts were expanded
in culture in 10% fetal calf serum and Dulbecco’s modified
Eagle’s medium and used as cell injection controls, since
they exhibit a mesenchymal phenotype and are central
to lung repair. As such, the fibroblasts may induce a
similar response to uMSCs. Animals were sacrificed af-
ter 7, 14, or 28 days of treatment, since these time points
represent the phases of maximal inflammation (7 and 14
days) and fibrosis (28 days). Lobes of the lung tissue
were weighed, snap frozen, and stored at —80°C or fixed
in 10% formalin for paraffin embedding. The lobes from
each pair of lungs obtained were divided into the various
assays; therefore each mouse was analyzed for all of the
assays described.

Immunohistochemical Analysis of Lung Tissue

Paraffin-embedded tissue sections of 3 um in thickness
were dewaxed and rehydrated. Antigen retrieval was
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performed by heating in citrate buffer. After quenching
endogenous peroxidase activity and blocking nonspe-
cific binding, sections were incubated with antibodies
against human anti-mitochondrial antibodies (1:10, Sero-
tec) and human surfactant protein-C (1:50, Santa Cruz
Biotechnology, Santa Cruz, CA) for 1 hour at 37°C. Iso-
type-matched mouse IgG2a and goat IgG were applied
to sections serving as negative controls. Antibody bind-
ing was detected using horseradish peroxidase-labeled
biotin-streptavidin secondary antibodies (LSAB kit, Dako,
CA, and immunostaining visualized using 3,3’-diamino-
benzidine chromogen (Dako). Co-localization of anti-mi-
tochondrial antibodies and surfactant protein-C was as-
sessed by examining serial tissue sections. For fibrosis,
slides were scored by the Ashcroft method for fibrosis,2°
and the score for alveolar and interstitial infiltration of the
lung was based on a method by Raisberg et al.?"

Analysis of Cytokine and Collagen | mRNA
Expression

Total RNA was extracted from lungs of SCID mice after 2
weeks of receiving bleomycin with or without uMSCs (n =
8/group), since this represented a phase of maximal inflam-
mation. Following DNase treatment, 1 ug of RNA was con-
verted to cDNA with Superscript Il as described by the
manufacturer (Invitrogen). The cDNA (diluted 1:20) was
amplified with polymerase chain reaction (PCR) primers
against IL-1: reverse, 5'-CATCAGAGGCAAGGAGGAAA-3';
forward, 5’-CCCAAGCAATACCCAAAGAA-3'; IL-2 forward,
5'-ATGTACAGCATCCAGCTCGCATC-3'; reverse, 5'-GG-
CTTGTTGAGATGATGCTTTGACA-3’; IL-6 forward, 5'-TT-
CCATCCAGTTGCCTTCTT-3'; reverse, 5'-ATTTCCACGAT-
TTCCCAGAG-3’; IL-10 forward, 5-TTGAGTCTGCTGGA-
CTCCAGGACCTAGACA-3’; reverse, 5'-GCAGCCAAACA-
ATACACCATTCCCAGAGGO3'; IFNy forward, 5’-CCCAA-
GCAATACCCAAAGAA-3'; reverse, 5'-CATCAGAGGCA-
AGGAGGAAA-3'; TNFa forward, 5'-GCCTCTTCTCATTC-
CTGCTT-3’; reverse, 5'-CACTTGGTGGTTTGCTACGA-3';
TGFB forward, 5'-CTACTGCTTCAGCTCCACAG-3'; re-
verse, 5'-GCACTTGCAGGAGCGCAC-3’; MIF forward, 5'-
TGACTTTTAGCGGCACGAAC-3'; reverse, 5'-CTCAAGC-
GAAGGTGGAAC-3"; MIP forward, 5'-CCACTGCCCTT-
GCTGTTCTTCTCT-3'; reverse, 5'-CAGGCATTCAGTTC-
CAGGTCAGTG-3'. For mouse collagen type 1 « 1 (col 1a)
the TagMan probe was obtained from Applied Biosystems
(Mm 00801666_g1). Cycling parameters used for quantita-
tive PCR were: denaturation at 95°C for 7 seconds, anneal-
ing 60°C for 7-15 seconds, and extension at 72°C for 15
seconds for 40 cycles. After normalizing data to B-actin,
expression relative to saline treated control mice was cal-
culated by the AACt method.??

Enzyme-Linked Immunosorbent Assay for
Transforming Growth Factor (TGF)-B1

Mouse lung tissue was lysed in buffer (50 mmol/L Tris-
HCI, 150 mmol/L NaCl, 1% Triton X-100, 0.5% Tween 20,
0.1% sodium dodecyl sulfate, 1 mmol/L EDTA) contain-
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ing a protease inhibitor cocktail (Roche, Mannheim,
Germany). Samples were then sonicated, followed by
centrifugation at 14,000 X g for 15 minutes to remove
insoluble debris. TGF-B1 content of lung lysates was
measured using a mouse TGF-B1 enzyme-linked immu-
nosorbent assay kit (R&D Systems Inc., Minneapolis, MN)
The total protein content of the lysates was determined
using a bicinchoninic acid assay (Thermo Scientific,
Rockford, IL), and results are expressed as TGF-B1 con-
centration standardized to total lung weight (pictograms
per milligram of lung).

Western Blot Analysis

Total protein was extracted from similar regions of the
lung using Trizol reagent according to the manufacturer’s
instructions (Life Technologies, Gaithersburg, MD) and
analyzed by the Bio-Rad dye-binding protein assay (Bio-
Rad, Richmond, CA). Protein extracts (in 1% sodium
dodecyl sulfate; 30 g of total protein/lane) were ana-
lyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis on 12.5% acrylamide gels, as previously
described.?*24 Western blot analysis was performed with
antibodies to phospho-Smad2 and Smad2 (Cell Signal-
ing Technology, Danvers, MA), matrix metalloproteinase
(MMP)-13 (Calbiochem, San Diego, CA), and a goat anti-
rabbit secondary antibody (1:1000 dilution; Bio-Rad).
Blots were probed with the ECL detection kit (Amersham
Pharmacia Biotech Ltd, Buckinghamshire, UK), accord-
ing to the manufacturer’s instructions, before being quan-
tified by densitometry, using a Bio-Rad GS710 calibrated
imaging densitometer and Quantity-One software (Bio-
Rad). Equal loading of samples was verified by Coomas-
sie blue staining of proteins.

Collagen Concentration

The collagen content in lungs of mice was measured
using the hydroxyproline assay as described previous-
ly.2° Briefly, lungs were lyophilized, hydrolyzed in HCI,
and the absorbance measured at 558 nm using a Varian
series 634 digital spectrophotometer (Varian Australia Pty
Ltd, Melbourne, Australia). Collagen content was calcu-
lated by multiplying the hydroxyproline measurements by
6.94 and then expressed as a proportion of the dry
weight tissue to yield collagen concentration.®*

MMP Activity and Tissue Inhibitors of Matrix
Metalloproteinase (TIMP) Expression

MMPs were extracted from tissue obtained from the five
groups of mice (n = 6/group). MMP-1, MMP-2, and
MMP-9 activity was assessed by gelatin zymography as
described previously.?® Zymographs were analyzed by
densitometry and gelatinase activity quantified as de-
scribed above. The zymography densitometry data were
expressed as the relative mean = SEM of the saline-
treated control group, which was expressed as 1.

TIMP-1, TIMP-2, TIMP-3, and TIMP-4 mRNA expression
in lung tissue was measured by quantitative real-time
PCR as described above. Reagents, primers, and Tag-
Man probes were purchased from Applied Biosystems
(Mm00441818_m1, Mm00441825_m1, Mm00441826_m1,
MmQ00446568_m1). After normalizing data to B-actin, ex-
pression relative to saline-instilled mice was calculated by
the AACt method.?®

Reverse zymography of lung tissue extracts from the
various groups was also performed to measure TIMP-1
and TIMP-2 protein expression, as described previously.?”
Purified TIMP-1 (Calbiochem, Kilsyth, Victoria, Australia)
and TIMP-2 (Chemicon International, Temecula, CA) stan-
dards were included in all zymographs, while densitometry
of the TIMP bands was performed as described above.

Statistical Analyses

Analysis of treatment effects between the different groups
was performed using a one-way analysis of variance anal-
ysis and Dunnet’s post hoc test with significance accorded
when P < 0.05.

Results
uMSC Phenotype

After 5 days of culture, cells were observed proliferating
from individual explanted tissue of the WJ. Initial cultures
contained a population of adherent fibroblast-like cells
with long and short processes (Figure 1A). Fluorescence-
activated cell sorting demonstrated that 98 = 1% of the
adherent cells expressed the typical mesenchymal pat-
tern of markers CD73"CD31-CD34~CD45" (Figure 1B).
The cells were further characterized with several other
markers (Table 1).

Osteogenic differentiation was demonstrated between
passages 3 to 6. After 7 to 14 days in conditioned media
of osteogenic supplements, bone nodule formation was
observed. The cells surrounding the nodule were fibro-
blastic in appearance, while the cells in the center were
polygonal. In addition, the Von Kossa stain for calcium
deposition revealed strong staining (Figure 1C).

uMSCs Do Not Differentiate into Lung Epithelial
Cells in Vitro

Noting the differentiation properties of uMSCs, these cells
were cultured in SAGM for 14 and 28 days. SAGM has
been shown to induce the differentiation of embryonic
and umbilical cord blood-derived mesenchymal stem
cells into type Il pneumocytes.?®2° This medium contains
hydrocortisone, human epidermal growth factor, and reti-
noic acid, which are factors that are required for lung
development.° uMSCs did not survive beyond 14 days
in SAGM. The cellular extensions of the uMSCs retracted
and the cells detached from the culture wells.



Umbilical Stem Cells Augment Lung Repair 307
AJP July 2009, Vol. 175, No. 1

Figure 1. The expansion and characterization
of umbilical cord mesenchymal stem cells. A:

Wharton’s jelly was dissected from the umbilical
cord and placed in culture wells. The cells de-

rived from the Wharton’s jelly were trypsinized
following growth from the explanted tissue and

uMSCs in Lungs of Mice 14 Days after Injection

The bleomycin-induced model of lung fibrosis was estab-
lished in the SCID model as demonstrated histologically
by a significant pneumonitis, inflammatory exudates, fi-
broblastic foci, and distortion of the normal architecture
of the lung at 14 days (Figure 1D and Figure 2A) and 28
days (Figure 2A). The uMSCs (1 X 10°) injected into the
tail veins of mice were identified by a specific human
anti-mitochondrial antibody. uMSCs were found in the
mouse lung at 14 days, but there was no evidence of their
presence at 28 days following tail vein injection. Of note,
uMSCs were localized to fibrotic foci and nonfibrotic al-
veolar regions of the lung at 14 days following bleomycin
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cell sorted for a CD317CD34 CD45 CD73*
population that were further propagated in cul-
ture. Characterization of the uMSCs demon-
strates a fibroblastic appearance. B: Flow cytom-
etry confirms the uMSCs are a homogenous cell
population of CD317CD34~CD45~ CD73™ cells.
C: Following propagation to confluence, uMSCs
were cultured in conditioned media that would
encourage the growth of osteoid tissue. Follow-
ing 14 days in culture, Von Kossa staining
(black) demonstrates calcium deposition that is
suggestive of osteoblastic activity and bone for-
mation. D: uMSCs were injected into the tail vein
24 hours following bleomycin injury. Using a
specific anti-human anti-mitochondrial anti-
body, we isolated the injected uMSCs to the
fibrotic areas of injury (brown staining and ar-
rows) and to alveolar areas of the lung. Magni-
fications: X50, X100, and X200.

injury (Figure 1D). The cells constituted 15 = 5 cells/200
cells counted within fibrotic foci and 5 = 1 cells/200 cells
in the nonfibrotic alveolar regions (Figure 1D). Initial op-
timization of the antibody demonstrated that the antibody
does not cross-react with mouse lung tissue, thereby
confirming the specificity of the antibody (data not
shown). uMSCs administered to healthy mice that were
not treated with bleomycin were not identified in lung
tissue, and no human control lung fibroblasts were iden-
tified in the bleomycin injured mouse lung at 14 days.
Furthermore, uMSCs did not differentiate into morpholog-
ically typical pneumocytes in SAGM culture, nor did any
of the human cells stain positively for SPC.

Figure 2. uMSCs inhibit lung fibrosis. A: Histol-
ogy of lung obtained from a SCID mouse at 7, 14,
and 28 days following bleomycin lung injury and
treatment with uMSCs. The control demonstrates
normal lung architecture. There are mild infiltrates
involving 10 to 25% of the lung at 7 days post-
bleomycin injury. These changes are attenuated
by uMSC injection at 7 days. At 14 days there is a
significant increase in lung infiltrates involving 25
to 50% of the lung with some distortion of the lung
architecture and collagen deposition. These
changes are also attenuated by uMSC injection. At
28 days post-bleomycin injury, infiltrates occupy
more than 75% of the lung with significant distor-
tion of lung architecture and the presence of fi-
brotic foci. uMSC injection reduced the number of
infiltrates as well as the number of fibrotic foci.
uMSCs also preserved the lung architecture at 28
days. Magnification (all sections), X100 (7 = 8). B:
The Ashcroft score of fibrosis shows a progressive
elevation as lung injury evolves from 7 to 28 days
after bleomycin injury. The levels of fibrosis at
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B Bleo-28d reduced by uMSC treatment. *P < 0.05 comparing
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each time point of analysis (1 = 8).
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Attenuation of Bleomycin-Induced Pneumonitis
and Fibrosis after uMSC Injection

The pneumonitis induced by bleomycin was attenuated
by uMSC treatments. An alveolar and interstitial exudate
involved between 10 and 25% of the lung at 7 days
following bleomycin exposure. The exudate increased to
between 25 to 50% at 14 days and 50 to 75% at 28 days
post-bleomycin (Figure 2A). The extent of the exudate
was significantly reduced by uMSC injection at all time
points (Figure 2A). Furthermore, the Ashcroft score for
the presence of lung fibrosis demonstrated minimal fibro-
sis and alveolar wall thickening at 7 days, with a rapid
increase in fibrosis and progressive distortion of the lung
architecture at days 14 and 28. These fibrotic changes
were reduced at each time point by uMSC injection (Fig-
ure 2B). Notably, uMSC injection reduced the exudative
infiltration in the lung and early fibrosis at 7 days post-
bleomycin (Figure 2). This suggests that the early blunt-
ing of inflammation may result in the attenuation of the
downstream events leading to collagen deposition.

Cytokines and uMSC Treatment

In demonstrating the reduction in inflammation and fibro-
sis of bleomycin-induced lung injury by uMSCs, we stud-
ied possible mechanisms that may mediate these effects
such as activation of cytokine expression. mRNA was
extracted from whole lung suspensions obtained from
mice analyzed at 14 days post-bleomycin. The transition
from inflammation to fibrosis occurs at this time point;
hence the cytokine analysis reflects the important influ-
ences on subsequent collagen deposition. Transcripts
were analyzed by quantitative PCR. The quantification of
transcripts of both inflammatory and fibrotic cytokines
was standardized to healthy control tissue. There was a
significant increase in the expression of all cytokines
mediating inflammation (IL-1, IL-10, IL-2, IL-6, TNF-«, and
MIF) and fibrosis [(TGF-B, interferon (IFN)-y] at 14 days

after bleomycin treatment compared with healthy con-
trols. There was a reduction in the expression of those
cytokines involved in inflammation such as IL-10 and
TNF-a as well as cytokines mediating fibrosis (TGF-B and
IFN-v) following uMSC treatment (Figure 3A).

TGF-B is central to lung fibrosis and was therefore
chosen to compare the trends in mRNA expression to
that of protein expression in the mouse lung. The down-
regulation of TGF-B mRNA expression by uMSCs paral-
leled the uMSC-induced reduction in TGF-B protein ex-
pression by enzyme-linked immunosorbent assay of
mouse lung tissue (Figure 3B). Furthermore, phospho-
Smad?2, a transcription factor associated with TGF-B1
activity, was up-regulated by bleomycin but down-regu-
lated by uMSC treatment (Figure 3C).

Collagen Deposition and uMSC Treatment

Collagen deposition was assessed by the hydroxyproline
assay performed on whole lung cell suspensions at 7,
14, and 28 days post-bleomycin. There was a signifi-
cant up-regulation in collagen deposition following
bleomycin injury compared with healthy control mice at
days 14 and 28 (Figure 4, A and B). In addition, uMSC
administration did not affect basal collagen deposition
in healthy control mice. However, uMSC treatment of
bleomycin-injured mice resulted in a significant atten-
uation of collagen deposition (P < 0.05) when com-
pared with mice treated with bleomycin alone. Of note,
there was no reduction in collagen levels following
injection of human lung fibroblasts into mice exposed
to bleomycin, as compared with mice treated with bleo-
mycin alone (Figure 4A).

To determine if the fall in collagen was due to reduced
synthesis, whole lung transcripts were analyzed by quan-
titative real-time PCR for collagen type 1 « 1. There was
a significant increase in collagen type 1 @ 1 mRNA ex-
pression at 14 days post-bleomycin-induced lung injury.
At 14 days post-bleomycin the levels of collagen type 1 «



g 35 PR

? 3 * + +.b

] i

= 25 2
\ &

215 3 -

- =

5 E 2

8 05 3 2

% 0 : e
\,7@&9 O‘Q(D g%/é
WworQ @ “o.
S # &

B B bleomycin

< 25

E O bleomycin+uMSCs

E 2

OA

g2 ‘

g8 10

S

X 5

o

°© 0

w

%
Control Bleomycin Bleo+uMSCs

Figure 4. The uMSCs reduce collagen deposition. A: The hydroxyproline
assay is a marker of collagen deposition. There is a significant elevation of
collagen deposition following bleomycin-induced lung injury at 14 and 28
days but not at 7 days with significant abrogation by uMSC injection at 14 and
28 days. Notably there is no influence on collagen levels in the lung with
injection of uMSCs into healthy mice. In contrast to uMSCs, injection of
primary human lung fibroblasts into bleomycin-injured mice does not reduce
the levels of collagen deposition. *P < 0.05 compared with healthy controls.
+P < 0.05 comparing bleomycin plus uMSCs to bleomycin alone (72 = 8). B:
Transcripts for mouse collagen type 1 a 1, a marker for collagen deposition,
extracted from whole lung suspensions and analyzed by quantitative PCR
demonstrate a significant increase in collagen type 1 a 1 following 14 days of
bleomycin injury. The expression of collagen type 1 a« 1 mRNA in the
bleomycin plus uMSC group was reduced in comparison with the bleomycin
alone treated group. *P < 0.05 compared with healthy controls. +P < 0.05
comparing bleomycin plus uMSCs to bleomycin alone (72 = 8). C: Masson’s
trichrome staining for collagen deposition (blue) at 28 days demonstrates
minimal collagen within control lung. There is an increase in collagen
deposition with bleomycin that is reduced by uMSC treatment.
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Figure 5. uMSCs augment the expression of MMPs in the injured lung. A:
Zymographic analysis of whole lung suspensions shows expression of latent
and active forms of MMP-9 and MMP-2 by all samples including healthy
controls, healthy mice plus uMSC injection, bleomycin plus fibroblasts, bleo-
mycin alone, as well as bleomycin plus uMSCs. We suggest that the product
at 41 kd is a nonspecific catalytic product. B: Analysis of the protein bands on
zymography by densitometry demonstrates an increase in MMP-2 activity
with bleomycin lung injury. The increase in MMP-2 activity following bleo-
mycin treatment was unaffected by fibroblast injection but further elevated
above bleomycin levels with uMSC injection. *P < 0.05 compared with
healthy controls. +P < 0.05 comparing bleomycin plus uMSCs to bleomycin
alone. 1P < 0.05 comparing bleomycin plus fibroblasts to bleomycin alone.
(n = 6). C: There is no difference in MMP-13 levels between bleomycin and
bleomycin plus uMSC-treated mice as analyzed by Western blots.

1 mRNA were lower in mice treated with uMSCs than the
mice treated with bleomycin alone (Figure 4B). This sug-
gests that the reduction in lung hydroxyproline levels was
due to a fall in collagen type 1 synthesis. However, there
was still a fivefold increase in mMRNA synthesis of collagen
type 1 in bleomycin-injured mice that were treated with
uMSCs as compared with healthy controls (Figure 4B).
Masson'’s trichrome staining confirmed the up-regulation
of collagen deposition by bleomycin administration and
subsequent reduction by uMSCs (Figure 4C).

Up-Regulation of MMP-2 and Down-Regulation
of TIMPs by uMSCs

The balance between MMPs and their endogenous inhib-
itors (TIMPs) is of significance in determining the extent of
fibrosis following injury. The expression of MMPs in whole
lung suspensions was determined at 28 days after bleo-
mycin treatment by zymography. Figure 5, A and B,
shows the up-regulation of active MMP-2 following bleo-
mycin injury. Notably, there is also a significant up-regu-
lation of MMP-2 but not MMP-9 following uMSC treatment.
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Figure 6. A: There is inhibition of TIMP expression following uMSC treat-
ment. Transcripts for TIMPs extracted from whole lung suspensions and
analyzed by quantitative PCR demonstrate a significant increase in TIMPs 1—-4
at 2 weeks following bleomycin lung injury with attenuation of TIMPs 1, 3,
and 4 by uMSC injection. The results are expressed as fold expression over
normal lung. *P < 0.05 comparing bleomycin plus uMSCs to bleomycin alone
(n = 8). B and C: Densitometry of the lung TIMP-1 and TIMP-2 bands
analyzed by reverse zymography demonstrated a significant up-regulation of
TIMP-2 protein levels following bleomycin-induced lung injury but a signif-
icant down-regulation of TIMP-2 protein expression by uMSC injection to
bleomycin-treated mice. There are no significant changes in TIMP-1 levels
between the groups. *P < 0.05 compared with healthy controls. +P < 0.05
comparing bleomycin plus uMSCs to bleomycin alone (12 = 8).

There was no up-regulation of MMP-13 following bleomy-
cin injury as compared with controls and no change in
expression with UMSC treatment (Figure 5C). Further-
more, there was no increase in MMP expression following
injection of uMSCs in bleomycin untreated control mice.
Injection of human fibroblasts into bleomycin injured mice
resulted in an increase in MMP-2 levels above healthy
controls but was significantly lower when compared with
the bleomycin alone or bleomycin and uMSC treatment
cohorts.

The corresponding expression of TIMPs was examined
in lung tissues. This provides insights into the composite
influences on collagen breakdown in the lung. mRNA was
extracted from whole lung suspensions following various
treatments and the transcripts were analyzed by quanti-
tative PCR. The quantification of transcripts of TIMPs 1-4
was standardized to healthy untreated control tissue.
There was increased expression of TIMPs 1-4 in bleo-
mycin-injured mice as compared with healthy controls
not treated with bleomycin. However, uMSC treatment
resulted in reduced expression of TIMPs 1—4 compared
with that measured in the bleomycin alone-treated group
(Figure 6A). Reverse zymography for protein expression
of TIMP-1 and -2 showed that bleomycin did not alter
TIMP-1 protein expression, but significantly up-regulated
TIMP-2 expression over a 2-week period (Figure 6B). The

application of uMSCs to bleomycin-treated mice was
able to significantly down-regulate TIMP-2 protein levels.
This suggests that there is an increase in the MMP-2/
TIMP-2 ratio following uMSCs, and this augments a pro-
degradative environment for extracellular matrix break-
down following lung injury.

Discussion

Mice were treated with bleomycin to induce lung injury.
Hydrolyzed metabolites of bleomycin cleaves DNA of
lung cells resulting in epithelial apoptosis and necrosis
with the resultant early increase in capillary permeability,
followed by the inflammatory response (maximum at 1-2
weeks) and subsequent fibrosis (maximum at 2-4
weeks), which closely mimics the pathogenesis of acute
respiratory distress syndrome/acute lung injury.®' In
keeping with previous studies, we established the pulmo-
nary fibrosis model in SCID mice thereby minimizing
potential rejection reactions to human cells.'® uMSCs
were detected in both the fibrotic and nonfibrotic areas of
the bleomycin-injured lung at 14 days but they were not
detected by 28 days after injection. Notably, uMSCs were
not detected in the lungs of healthy mice at 14 to 28 days
following injection, implying that tissue injury is necessary
to attract and retain these cells. The repair of injured lung,
despite the transient presence of uMSCs, is consistent
with previous reports involving other organs.®233 There-
fore, the paracrine release of trophic factors by, or in-
duced by, MSCs may be important mediators of tissue
repair.

Notably, both in vitro and in vivo assays in the present
study demonstrated that uMSCs did not differentiate into
typical type Il pneumocytes. Studies examining MSCs
derived from bone marrow and umbilical cord blood have
shown that these cells differentiate into alveolar epithelial
cells, albeit at a very low frequency. Although uMSCs did
not differentiate into lung tissue, these cells, however, did
modify the fibrotic response in the bleomycin-induced
model of lung injury. Notably, uMSC injection reduced the
exudative infiltration in the lung and early fibrosis at 7
days post-bleomycin (Figure 2). This suggests that the
early blunting of inflammation by uMSCs leads to an
attenuation of the downstream events leading to collagen
deposition and fibrosis. The reduction in inflammatory
cytokine expression at 14 days supports the assertion
that uMSCs reduce the inflammatory response in bleo-
mycin injured lung. At this stage the mechanism of
uMSC-induced lung regeneration and repair are unclear
but may include the activation or inhibition of key cyto-
kines. IFN-v is generally elevated during bleomycin lung
injury and is secreted by lymphocytes and in SCID mice
by natural killer cells.’®34 This cytokine promotes inflam-
mation by activating expression of the major histocom-
patibility antigens on macrophages and up-regulating
IL-6 and TNF-a production.®* Therefore it is likely that the
inhibition of IFN-y by uMSCs attenuates the inflammatory
and fibrotic outcomes of bleomycin lung injury. TNF-«
and IFN-vy are significantly elevated in response to bleo-
mycin in mouse strains (C57/BI6) prone to develop injury



as compared with the resistant strains of mice such as
Balb/C and supports the role for these cytokines in the
progression of lung fibrosis.®**® The inhibition of TNF-a
has been shown to limit the inflammation and fibrosis of
bleomycin-induced lung injury.

TGF-B is a key cytokine in the pathogenesis of lung
fibrosis.®” At 14 days following bleomycin administration,
TGF-B is increased in macrophages, epithelial cells, fi-
broblasts, and myofibroblasts.®” %8 Indeed, several stud-
ies have demonstrated that TGF-B has a bimodal effect
on fibroblast proliferation, stimulating monocyte produc-
tion of cytokines and is a potent stimulator of collagen
deposition.® Khalil et al®” have shown conclusively that
the amelioration of bleomycin-induced fibrosis is depen-
dent on the inhibition of TGF-B. There was an up-regula-
tion of TGF-B mRNA and protein levels following bleomy-
cin-induced lung injury, while TGF-B expression was
significantly reduced by uMSCs. Furthermore, there was
up-regulation of p-Smad2, a transcription factor mediat-
ing the actions of TGF-g following bleomycin injury, and a
reduction in protein levels with uMSC injection. The inhi-
bition of TGF-B and the antifibrotic role of uUMSCs as
evidenced by the reduced fibrosis score on histology,
collagen synthesis, and collagen deposition as indicated
by hydroxyproline levels suggests the regenerative in-
fluence of uMSCs may act through this important cyto-
kine. Although IL-R1 antagonist, angiopoientin-1, and
nitric oxide are also implicated in the pro-reparative
mechanisms of murine bone marrow-derived MSCs,
the factors mediating human uMSC repair needs to be
further elucidated.'®'2

Bleomycin induces excessive collagen deposition and
fibrosis, which is at a maximum between 3 and 4 weeks
after injury, resulting in the development of fibroblastic
foci.3" Collagen deposition showed the expected in-
crease in mice treated with bleomycin but there was a
reduction in collagen deposition in the cohort subjected
to bleomycin and uMSC injection. There was no influence
of uMSCs injected into healthy mice on collagen deposi-
tion. Furthermore, the reduction in collagen was specific
to uMSCs, since the injection of primary human lung
fibroblasts into bleomycin-treated mice did not have any
influence on collagen levels. Quantitative real-time PCR
on transcripts for collagen type 1 « 1, a sensitive indicator
of collagen type 1 synthesis, demonstrated at 14 days
post-bleomycin the levels of collagen type 1 « 1 mRNA
were lower in mice treated with uMSCs than the mice
treated with bleomycin alone. This is possibly due to
uMSC inhibition of TGF-B levels. MMPs and their endog-
enous inhibitors (TIMPs) are primarily responsible for the
degradation of extracellular matrix proteins such as col-
lagen.*® Gelatin zymographic analysis demonstrated that
MMP-2 and MMP-9 were up-regulated following uMSC
treatment in bleomycin-injured mice, in keeping with pre-
vious studies.*! Notably, uMSC injection into bleomycin-
exposed mice resulted in a significant increase in MMP
levels when compared with bleomycin-treated mice
alone or healthy controls. This is a unique response to
lung injury, since there was no elevation of MMPs in lung
samples from controls injected with uMSCs. In addition,
there was a significant increase in MMP levels following
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the injection of uUMSCs when compared with primary hu-
man lung fibroblasts. There are correlative studies linking
MMP-2 and MMP-9 to lung repair following bleomycin-
induced lung repair. MMP-2 is responsible for the deg-
radation of most extracellular matrix proteins and is also
implicated in alveolar regeneration.*' Ortiz et al demon-
strated down-regulation of MMP-2 when using murine
bmMSCs to reduce the fibrotic response to bleomycin
injury.*® This difference may be due to the source of
MSCs and the mouse strains (black 6/C57 versus
SCID) used.

TIMPs are major endogenous inhibitors of MMPs and
bind these molecules in a 1:1 stoichometry. There are
four homologues of TIMPs, TIMPs 1-4, each having spe-
cific functions.*® Inhibition of TIMP-1 augmented the in-
flammatory response to bleomycin but not an increase in
fibrosis.*® Similarly, TIMP-2 and TIMP-3 are also elevated
in response to bleomycin,** as shown in the present
study. Lung transcripts demonstrated a down-regulation
of TIMP-1, -2, -3, and -4 in mice treated with uMSCs at 28
days following bleomycin lung injury. Comparatively,
TIMP-2 protein levels were significantly elevated in re-
sponse to bleomycin but were also markedly reduced by
uMSCs treatment. There is a causal relationship between
TIMP elevation and fibrosis, since TIMP concentrations
increase before the phase of collagen deposition in the
bleomycin mouse model at 14 to 28 days after injury.*®
Furthermore, mouse strains resistant to bleomycin-in-
duced fibrosis do not demonstrate an increase in TIMP-1
levels following injury.** Taken together, there is an in-
crease in the MMP-2/TIMP-2 ratio that is induced by
uMSC injection. This may result in a microenvironment
that favors extracellular matrix degradation in response to
UMSC injection that may ameliorate fibrosis.

To date, there are no safe and effective therapeutic
agents to augment lung repair. A stem cell-based ther-
apy using uMSCs obtained from discarded placental
tissue may impact on several pathways in the pathogen-
esis of major lung injury. Furthermore, MSCs derived from
umbilical cord blood has been successfully used in the
treatment of HLA mismatched recipients.®? This suggests
that uMSCs may not need to be exactly matched with the
recipient to avoid a significant graft-versus-host reaction.
This study has yielded several novel findings, namely
that systemically administered uMSCs are present in the
bleomycin-injured lung at 2 weeks. These cells inhibit
inflammation and fibrosis. In addition they down-regu-
late lung cytokine and TIMP expression while up-reg-
ulating MMPs.
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